By starch-gel electrophoresis and a staining method that is highly sensitive for argininyl residues, adenovirus type 5 was found to contain two minor basic polypeptides of extreme cathodic mobility in addition to the two known core proteins. The fastest-migrating polypeptide, named g protein, and the secondfastest polypeptide are found in adenovirions and virus-infected KB cells but not in top components or in uninfected cells. The top components and infected cells contain an additional basic polypeptide, presumably P-VII, that migrates slightly slower than polypeptide VII. None of the basic polypeptides of adenovirions was electrophoretically identical to the host histone. The basic proteins of adenovirions were purified by urea phosphocellulose column chromatography and characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The two minor basic core proteins, g and another component, have similar mobilities in sodium dodecyl sulfate-polyacrylamide gels as a complex of polypeptides X-XII. After further purification on a Sephadex G-75 column, the u protein was found to have a molecular weight of about 4,000. Amino acid analysis showed that the u protein lacks tryptophan and 69% of the total amino acid residues are basic, that is, 54% arginine, 13% histidine, and 2% lysine. Only eight amino acids seem to contribute to make the '4 polypeptide. There are 125 copies of the g polypeptide per 1,000 copies of polypeptide VII in a virion.
training 0.2% 3-(2-aminoethyl) indole was the product of Pierce Chemical Co.
Phosphocellulose (1.06 meq/g) was purchased from Schwarz/Mann. Sodium lauryl sulfate, obtained from Sigma Chemical Co., was recrystallized from ethanol. Most of the other reagents for sodium dodecyl sulfatepolyacrylamide gel (SDS-gel) electrophoresis, including dyes, were the products of Eastman Organic Chemicals, Inc. Acrylamide and N,N'-methylenebisacrylamide were recrystallized from hot chloroform. Methylamine was purchased from J. T. Baker Chemical Co. RNase-free DNase was the product of Worthington Biochemicals Corp. Joklik modified minimal essential medium was obtained in a powder pack from Microbiological Associates. Fetal bovine serum was purchased from Flow Laboratories.
"4C-labeled amino acid mixture was purchased from Amersham/Searle. It is composed of 14 amino acids of more than 97% purity: alanine, arginine, aspartic acid, glutamic acid, leucine, isoleucine, lysine, phenylalanine, proline, serine, threonine, tyrosine, and valine. All carbon atoms are uniformly labeled, with a specific activity of 57 mCi/matom of carbon.
Cell column (1 by 60 cm) maintained at 20 C with circulating water. The viral protein was dissolved in buffer A and applied to the column. The proteins that failed to be adsorbed were eluted with 100 ml of buffer A. Chromatographic elution was carried out with KCl in linearly increasing concentrations from 0.01 to 1.0 M in buffer A. Fractions of 5 ml were collected, and aliquots were removed for determination of protein by the Lowry method (20) . Any precipitated KCl was removed by centrifugation at 4 C before the absorbance was measured.
In phosphocellulose column chromatography of "C-amino acid-labeled virion protein, elution was done with an NaCl gradient (pH 4.7) in place of KCl (pH 5.6). The elution pattern was similar to that with a KCl gradient, except that all capsid proteins were first adsorbed onto the column and then eluted at the beginning of the salt gradient. Each chromatographic fraction was mixed with 1 drop of 0.1% bovine serum albumin as a carrier and then with 1/10 volume of 50% trichloroacetic acid-2.5% sodium tungstate, pH 2.5 (36) . The mixture was allowed to stand at 0 C for 30 min, and the precipitated protein was collected on a Whatman GF/C glass filter disk (pore size, 0.45 Mm) by suction. The filter disk was dried under a heating lamp and put in a vial containing 10 ml of toluenebased scintillation mixture [2,5-diphenyloxazole, 4 g; 1,4-bis-(5-phenyloxazolyl)benzene, 100 mg; toluene, to a final volume of 1 liter]. The radioactivity was measured in a scintillation spectrometer.
Amino acid analysis of virion protein. Samples were hydrolyzed in 0.5 ml of constant-boiling HCl in evacuated, sealed tubes at 110 C for 20 h. After removal of HCl by rapid evacuation over NaOH, the amino acid analysis was performed on a Durrum model 500 amino acid analyzer.
For tryptophan analysis, the methanesulfonic acid method was used (24) . Samples were first dried in new, disposable culture tubes in vacuo over NaOH to completely remove HCl. To each tube containing samples, 20 Ail of 4 N methanesulfonic acid containing 0.2% 3-(2-aminoethyl)indole was added. The samples were placed in a desiccator, to the bottom of which 9 ml of 8 N H2SO4 was added. The desiccator was sealed, evacuated, and clamped, and the protein samples were hydrolyzed in an autoclave for 18 h at 125 C. Amino acid analysis was again performed on a Durrum amino acid analyzer.
Starch-gel electrophoresis. Urea-aluminum lactate-starch gel was made by the method of Sung and Smithies (38) . Vertical gel electrophoresis was performed at a potential gradient of 4 V/cm at 4 C until the methyl green dye marker migrated close to the cathode end of the slab. This was usually 16 h. The slab was then sliced horizontally to yield three pieces of equal thickness. The middle piece was used for the guanidinium-specific staining method of Sung and Smithies (38) ; staining was for 40 min in 0.5% amido black-1% acetic acid solution and differentiation was in 1 N H2SO4. Upon standing, bands of black to blue color gradually appeared. After photography, the gel slice may be destained by the conventional method, with frequent changes of 1% acetic acid.
SDS-gel electrophoresis. Electrophoresis was carried out with an SDS-gel of 10% polyacrylamide by the method of Maizel (21) . The separation gel was 10 cm high with a 1-cm stacking gel of 3% polyacrylamide on top in a glass tube of 6-mm diameter. A sample solution in a total volume of 75 Ml was mixed with 5 Al of 1 M Tris-hydrochloride (pH 7.0), 10 Al of 20% SDS, 5 Al of ,B-mercaptoethanol, and 5 Ml of 0.3% bromothymol blue and boiled for 2 min to dissociate protein components (15, 22) . The protein sample was mixed with 250 Ml of the same 3% polyacrylamide solution and polymerized on the top of the stacking gel. Both electrodes were soaked in 0.05 M Tris-glycine buffer (pH 8.5), and the electrophoresis was performed at 100 V at 23 C for 4 h. The gels were stained with 0.25% Coomassie brilliant blue in 7.5% acetic acid-15% methanol for 1 h and then destained with frequent changes of 7.5% acetic acid-15% methanol.
Sephadex column chromatography. Sephadex G-75 was soaked in 0.5 M NaCl-0.01 M HCl and packed into a column (2.2 by 200 cm). A preparation of Mu protein purified by phosphocellulose column chromatography, in a total volume of 3 ml, was applied on the top of the column, and molecular sieving gel filtration was performed with the same solution. The molecular weight of polypeptide M was determined by using highly purified histones as calibration standards.
RESULTS
Basic proteins of adenovirion. The utility of the aluminum-lactate-starch gel for basic nuclear proteins was demonstrated previously (37, 38) . The major advantage is that the staining method is highly sensitive and specific for the guanidinium groups of argininyl residues in basic proteins. We have attempted to investigate the basic core proteins of adenovirus as to whether there are minor arginine-rich DNAbinding proteins. To this end, a method was devised to permit the complete recovery of all protein components of adenoviruses. The purified viruses were first subjected to repeated freezing and thawing to produce cracks on the shell (22, 29) and then treated with DNase to release DNA-combining proteins from the core. Solid urea was finally added to facilitate the solubilization of total viral proteins. For comparison, protein samples from the empty shells were also prepared by the same procedure. Furthermore, basic protein fractions were extracted, with dilute HCl, from whole cells and nuclei of both adenovirus-infected KB cells and the control uninfected cells. All of the protein samples were examined by starch-gel electrophoresis. Figure 1 is a photograph of gels stained by the guanidinium-specific stain method and the conventional amido black stain method. The guanidinium-specific stain for arginine-rich proteins is approximately 100 times more sensitive J. VIROL. than the conventional amido black stain (38) . The heterogeneity of the adenovirus protein is illustrated in sample 6 of Fig. 1A Fig. 1B ). Component b is the most histone-like in electrophoretic mobility; it migrates slightly ahead of histone I and behind histones II and III (37) . The fact that it is present only in trace amount in the top components (sample 5, Fig.  1B) , is acid soluble (sample 4, Fig. 1B) , and stains black (Fig. 1A) suggests that it is one of the arginine-rich core proteins (16, 27, 34) . Similarly, component c is thought to be another arginine-rich core protein. In urea-aluminumlactate-starch gel, the histones with molecular weights ranging from 11,000 to 20,000 have relatively similar mobilities. The much reduced 0I VOL. 17, 1976 on October 18, 2017 by guest http://jvi.asm.org/ Downloaded from cathodic mobility of component c in comparison to component b suggests that c is much larger in size than in charge differences. The quantitative differences between b and c in proteinbound amido black dye indicate that b is a major component. Based on the above information, we tentatively classify b as polypeptide VII and c as polypeptide V (22) .
The capsid proteins of the adenovirus can be identified on the basis of their acid insolubility and low electrophoretic mobility in ureaaluminum-lactate starch-gel and by the fact that they stain blue rather than black by the differential method. The group of zones near the origin of sample 6 in Fig. 1B stained blue when viewed with transmitted light. However, in Fig.  1A , due to the contrasting black zones and greyish background, they appear as negativestained zones. These zones are absent in the acid extract of the virus (sample 4, Fig. 1B ) and are present, although in different proportions, in the top components (sample 5). We classify these as capsid proteins.
There are several other arginine-rich components deserving brief mention. These include a minor component, d, which is present in the virion (samples 6 and 4, Fig. 1A ) and in acid extracts of virus-infected cell (sample 2, Fig.  1A ) and their nuclei (samples 3 and 8, Fig. 1A) , and a component, e, which is in the acid extracts of virus-infected cells (sample 2, Fig.  1B ) and their nuclei (samples 3 and 8, Fig. 1B) .
Protein e is of interest. It is found in the top components but not in the purified virion particles and yet it is present in large quantity in virus-infected cells. Judging from its abundance in arginine and from its electrophoretic mobility, with respect to the major core protein VII, it may be P-VII, the precursor of VII (1, 3, 14, 40) . Also indicative of precursor polypeptide is an intensely stained component migrating within a cluster of bands behind zone c (sample 5 in Fig.  1A) . It is present only in the top components but absent in the adenovirion.
Isolation of component a. The extreme cathodic mobility of component a is truly exceptional; to our knowledge no basic proteins known to date have a greater cathodic mobility than methyl green. Even the most basic protein, protamine, migrates behind the tracking dye in the starch-gel system used here (see Fig. 4 ). We sought to isolate and identify this specific, arginine-rich component. Preliminary tests revealed that it could be adsorbed onto a phosphocellulose column and eluted between 1.0 and 1.5 M KCl in 6 M urea and 0.006 M B-mercaptoethanol buffered at pH 5.6 with 0.01 M methylamine phosphate. Figure 2 shows the chromatographic separation of viral proteins on a phosphocellulose column, eluted with a linear salt gradient. The virion protein was adsorbed as described above. Elution was carried out with a 0.0 to 1.0 M KCl linear gradient in buffer A. The column was finally stripped with 1.5 M KCl in buffer A. Aliquots were removed from the column chromatographic peak fractions (arrows in Fig. 2 ) and analyzed by SDS-gel electrophoresis. The SDS-gel pattern of whole virion proteins as prepared by the DNase treatment is shown in Fig. 3C . The overall pattern is similar to that found previously (1, 7, 8, 22) , and the major polypeptide assignment is according to Maizel et al. (22) . Several minor components are also clearly visible in the gel. The stained gels in Fig. 3 (gels 2 and 3) reveal that the initial protein peaks (Fig. 2 , no. 1 through 4) are capsid proteins which were not adsorbed onto the column under the conditions employed. Peak 5, although Lowry positive, did not show any detectable zones on the SDS-gel. Peaks 7 and 11, which were eluted at 0.4 and 0.65 M KCl, respectively, correspond to the viral core proteins V and VII, respectively. They were further verified as the bands c and b from the starch-gel electrophoresis (Fig. 1) . Peak 8 may be a complex of polypeptides X-XII (1), according to mobility in SDS-gel, and was identified as the second-fastest band on starch-gel electrophoresis (Fig. 1) . The last peak (no. 12) that appeared in the 1.5 M KCl eluant showed a faint staining zone near the anodic end of the SDS-gel. The band position corresponds to a group of protein bands X-XII on the SDS-gel. This was verified to be component a by starch-gel electrophoresis and the guanidinium-specific stain method as shown in Fig. 4 . That component a was the sole protein species present in the "1.5 M KCl strip" was confirmed in a separate experiment in which the gradient elution of the column was extended from 0 to 1.5 M KCl and component a emerged from the column at 1.05 M KCl after polypeptide VII was eluted. Tha above data clearly indicate that component a is an authentic basic protein that is rich in arginine and possesses extreme electrophoretic mobility. Since this protein is present in only a miniscule amount and is of small molecular size, we designated it the g protein.
Properties of g protein. The phosphocellulose column eluant fractions containing the u protein, peak no. 12 in Fig. 3 , were pooled, dialyzed against 0.01 M HCl to remove salt and urea, and then lyophilized. The protein was acid hydrolyzed and its amino acid composition J. VIROL. was determined. As shown in Table I , the A protein has a very unique composition. (i) It contains five amino acids contributing to more than two-thirds of its total composition-arginine, glycine, histidine, alanine, and serine. (ii) More than one-third of the total amino acids are basic. ( iii) It is very low in hydrophobic residues. (iv) No tryptophan is present. Since the j protein preparation sometimes showed a diffusely stained faint zone around the position of polypeptides V and VII (Fig. 4) , it was purified further by passage through a Sephadex G-75 column to remove possible trace contaminants. From the elution profile, the molecular weight of polypeptide g was estimated to be around 4,000. This is in reasonable agreement with the molecular weight of 5,000 to 6,500 estimated by SDS-gel electrophoresis (1, 8) . The amino acid composition (Table 1) of the finally purified u protein is very similar to that from the first analysis. However, some trace amino acid residues are no longer present (for example, valine and leucine), and isoleucine is present only in trace amounts. In contrast, the arginine content increased to 53.9% of total amino acid residues, indicating that the u polypeptide is almost like polyarginine. As much as 69% of the total amino acid residues are basic: arginine, 53.9%; histidine, 13.5%, and lysine, 1.7%. Apparently only eight amino acids contribute to polypeptide g: arginine, histidine, alanine, glycine, serine, methionine, lysine, and proline.
To determine the number of molecules of s proteins in a virion particle, adenovirus type 5 was propagated in KB cells in the presence of a mixture of "4C-amino acids. The labeled proteins of the adenovirions were chromatographed on a phosphocellulose column to determine the relative distribution of radioactivity in each of the protein peaks. The yield of the column was at least 80%. The specific activity of "4C-amino acids in the proteins may be-calculated from their known molecular weights provided that the 14 amino acids are equally distributed in all polypeptides. The number of copies of g proteins per virion can be evaluated by comparing the ratio of the specific radioactivities between polypeptide g and polypeptide VII. Assuming Aliquots of 25 gl from protein peaks 1 and 2 (arrows in Fig. 2 ) and of 50 gIl from protein peaks 3 through 12 were subjected to SDS-gel electrophoresis as described in the text. Left to right: Whole virion protein from adenovirus type 5; protein peaks 1 through 12 (as indicated by arrows in Fig. 2 ).
that there are 1,000 molecules of polypeptide VII per virion (8) , the number of copies of polypeptide ,u was computed to be 125.
DISCUSSION
It has been reported that there is an argininerequiring step for the propagation of adenoviruses (31, 33) . Arginine deprivation reduced the yield of virus by several orders of magnitude. Under the condition of arginine starvation, components of the virus are still synthesized. However, they fail to assemble into mature virions (9, (31) (32) (33) 41) . It has been suggested that the synthesis of the assembly factor is dependent upon the presence of arginine in the medium (26) . The nature of this factor remains obscure. The existence of a new arginine-rich ,u protein raises the possibility that the synthesis of this protein could be a rate-limiting step to the assembly of adenoviruses.
The chemical composition of polypeptide g is reminiscent of the sperm-specific protein protamine. It is also very small, with a molecular weight of only 5,000, and about two-thirds of its total amino acid residues are arginine. Ling et al. (19) showed that protamine is synthesized via the classical pathway of protein synthesis-mRNA transcription and translation from diribosomes. We have not studied the synthesis of the M protein; however, we have shown that polypeptide ,u appears at about 16 to 20 h after infection (Fig. 5) . This time course of appearance of polypeptide A, together with its unique amino acid composition, would argue strongly against its being a degradation product of a host histone. However, it is likely that u protein may be the processed product of the Fig. 2 Fig. 1A) .
Polypeptide ,g migrates as the fastest band in SDS-polyacrylamide gel (Fig. 3) . This mobility is similar to the X-XII protein group of adenovirus type 2 as described by Anderson et 30 ,000 x g for 10 min. The slightly turbid extracts were subject to analysis by aluminum-lactate-starch-gel electrophoresis and guanidinium-sensitive stain as described in the text. Sample 1 through 10 contained (in a total volume of 50 Il) 33 by diffusion from the gel during destaining. Thus, visualization of the g protein on a starchgel is made possible by the fact that prolonged destaining is not required and that the stain is highly sensitive.
Further investigations are in progress to de- 
